Abstract-Here we present the design of a low loss top metal silicon (Si) hybrid dielectric-loaded plasmonic waveguide (TM-SiHDLW) and a compact, high performance optical resonator by numerical simulation based on finite element method. The waveguide adopted a thick (200 nm) top metal stripe structure to yield optimal performance due to reduced Ohmic loss in conductor around the stripe edge/corner. Moreover, a relatively thick (150 nm) dielectric spacer between the Si ridge and the metal stripe was employed to achieve both long propagation length and good field confinement. The effect of a thin (10 nm) silicon nitride (SiN x ) layer covering the waveguide which was added for minimizing uncertainties on optical properties of SiHDLW resulting from high density of dangling bonds on Si surface was also investigated. Simulation results show that there is no significant degradation on the performance of the TM-SiHDLW. For the proposed plasmonic waveguide, a propagation length of 0.35 mm and a mode area around 0.029 µm 2 were demonstrated. The TM-SiHDLW waveguide was then used as the basis for an optical resonator, which was designed to operate at the fundamental TE 011 mode for yielding high quality factor at a relatively small footprint size. A metal enclosure was also adopted to reduce the radiation loss, and a high quality factor of ∼1900 was obtained, more than double the results in other disk or ring resonators of comparable size. Compared to the resonators based on a rounded top metal Si hybrid dielectric-loaded plasmonic waveguide (RTM-SiHDLW) which has a much longer propagation length than the TM-SiHDLW, as reported in our previous work, the performance is essentially the same. This is simply because, for the resonators, the radiation loss is the dominate loss mechanism and the dissipation in the waveguide structure itself, thus, contribute little to the final quality factor of the plasmonic resonators.
INTRODUCTION
Recently, many applications related to collective electronic excitations (plasmons) have emerged, giving rise to new research fields of plasmonics [1] [2] [3] [4] [5] . Lately, surface plasmon polariton waveguides (SPPWGs) have attracted a great deal of attention as promising means for information transmission at nano scale due to strong local confinement of electromagnetic (EM) energy on sub-wavelength scale [6] . The optical properties of the SPPWGs are often characterized by two fundamental parameters, propagation length (L prop ) and field confinement (mode area, A m ). For application of SPPWG in integrated optics, it is highly desirable to develop a SPPWG with long propagation length while still having small mode area. However, a trade-off between the two fundamental parameters in SPPWGs has been the major challenge of SPPWG design [7, 8] . Among varieties of SPPWGs, the hybrid dielectric-loaded (DL) SPPWG combines the advantages of hybrid SPPWG [9] [10] [11] and DL SPPWG [12] : Long propagation length, relatively small mode area, and nanometer dimension of SPPWG [13] [14] [15] . The hybrid DL SPPWG using silicon (Si) dielectric (Si-based hybrid DL SPPWG, SiHDLW) [7, 8, 10, 13, 14, [16] [17] [18] , which has been shown to yield strong field confinement [8, 10, 13, 17, 18] , is a particularly attractive candidate for plasmonic devices because the waveguide is easier to fabricate with conventional nano/micro techniques [7] . In addition, SiHDLW optical devices adopting Silicon-on-Insulator (SOI) substrate, such as splitters [7] , couplers [7, 19] , and modulators [20] have also been demonstrated. Furthermore, the SiHDLW shows two common structures of top metal SiHDLW (TM-SiHDLW) [7, 8, 16, 17, 21] and bottom metal SiHDLW (BM-SiHDLW) [10, 14, 22] . The TM-SiHDLW shows a more promising potential than the BM-SiHDLW because of its flexibility to integrate with nanophotonic circuits [18] . For the SiHDLWs, a mode area as low as 0.0007 µm 2 -0.018 µm 2 has been achieved but with a propagation length limited in the range of 20 µm-100 µm [8, [16] [17] [18] . A special design running at a high order SPP waveguide mode have been proposed to give a propagation length as high as 1 mm but with a large mode area of 0.15 µm 2 , as expected [18] . In addition, it might not be as easy to excite a high order waveguide mode efficiently. A TM-SiHDLW with a thin alumina dielectric spacer has been analyzed [21] . But the waveguide is still quite lossy due to the high refraction index of alumina [21] . Accordingly, a SPPWG with long propagation length would provide a much greater flexibility in the design of components of the SPPWG optical circuits. On the other hand, one should note that although these studies have achieved very small mode area, the physical size are quite large, e.g., cross section areas ≥ 200 nm ×500 nm, or SPPWG width ≥ 200 nm. The density of the nano photonic circuits will be limited by these physical sizes, instead of the mode areas. To improve the feasibility of adopting SiHDLWs in integration circuits, the major challenge is to increase the propagation length. Therefore, in this study, the dimensions of a TM-SiHDLW are optimized according to parameters, such as propagation length, mode area, and EM field distribution of the hybrid SPP mode. For conventional TM-SiHDLWs, the Si dielectric ridge is often exposed to air [10, 23] . The property of the hybrid DL SPPWG might become unpredictable due to the formation of native oxide whose thickness may vary significantly due to environmental conditions [24, 25] . Hence, after the optimized size of the TM-SiHDLW, an effect of a SiN x cladding layer covering the SPPWG for better control of optical properties of the waveguide is determined. Finally, a disk optical resonator based on the TM-SiHDLW we presented is designed, and the effect of metal enclosure is also analyzed.
DESIGN AND ANALYSIS OF TM-SIHDLW
For the design and analysis of the TM-SiHDLW, numerical simulation was performed by using a finite element code, COMSOL Multiphysics. For a given waveguide cross section structure, eigenmodes corresponding to the desired free space wavelength, 1.55 µm, were solved, yielding the complex refractive index (n) of the SPP mode, n = n eff + iκ, where n eff is the effective refractive index and κ corresponds to waveguide loss. The effective refractive index (n eff ), related to the propagation constant of the hybrid mode by n eff = k/k 0 where k 0 being the free space wave number. For a hybrid SPPWG consisting of regions with dielectrics of different values of index refraction is also an indicator where the wave power propagates. A higher n eff means a higher fraction of wave power propagating in the region of high index of refraction. The propagation length (L prop ) is given by [9] 
where β 0 is the propagation constant for plane wave in vacuum. The mode area (A m ), a measurement of field confinement, is defined as [9] :
where W ( r ) is the energy density, given by
Here E( r ) and H( r ) are the electric (E) and magnetic (H) fields, respectively, r being the position vector, and ε( r ) and μ 0 are the permittivity of material and the permeability of vacuum, respectively.
The cross section of the TM-SiHDLW consisting of a rectangular Si, SiN x stripe and silver (Ag) film on a SiO 2 substrate is shown in Figure 1 (a). The corresponding relative permittivities of Si, SiN x , SiO 2 , and Ag used in the simulation are 12.11, 2.0, 2.08 and −129.005 + i3.294 [26] , respectively.
In previous studies of hybrid DL SPPWG [7, 8, 17] , the effect of waveguide width has been investigated. Both L prop and A m were found to increase with waveguide width. Here we show that a longer L prop and smaller A m can be achieved by optimizing the thickness of sandwiched dielectric stripe, waveguide width and metal thickness. Furthermore, the effect of thickness of a SiN x cladding layer is also investigated.
SIMULATION RESULTS AND DISCUSSIONS
We first consider a typical TM-SiHDLW, as depicted in Figure 1 increases. To maintain a small mode area, e.g., A m < 0.03 µm 2 , a relatively narrow waveguide width, i.e., w∼200 nm, would be required, according to the results in Figure 1(b) , but the corresponding L prop drops to ∼0.115 mm. We will show that by optimizing two other parameters, SiN x stripe thickness (h) and metal height (t), one can increase the propagation length to L prop ∼0.35 mm while still keeping A m around 0.03 µm 2 .
As mentioned earlier, a thin (10 nm) SiN x cladding layer (d = 10 nm) covering the TM-SiHDLW will be included for the SPPWGs in the following analysis, as depicted in Figure 2 (a). We will also show later that a 10 nm SiN x cladding layer only affects the property of the SPPWG slightly. First, the simulation results for the effect of h are shown in Figure 2(b) . As expected, the L prop increases with h while corresponding n eff decreases. This can be explained by examining the PR in different materials of the waveguide, as shown in Figure 2 (c). From Figure 2 (c), as h increases, PR Si rises while PR Ag drops accordingly, indicating that the power loss in Ag would decrease, and the resulting L prop increases. Moreover, the increasing of PR SiO2 with h means that more power concentrates in SiO 2 areas, resulting in the falling n eff . Although the L prop increases with h, A m also increases accordingly. As h decreases, the energy more focuses into SiN x stripe, leading to a well field confinement (the decreasing of A m ) and thus a short L prop and vice versa. As an example, we show the strength of E field for h = 50, 150, and 250 nm in Figures 2(d)-(f) . One can clearly see that the best strength confinement of E field in SiN x stripe is in the case of h = 50 nm while the case of h = 250 nm exhibits the weakest confinement. To maintain a small mode area (A m < 0.03 µm 2 ) and also balance the trade-off between L prop and A m , a 150 nm-thick SiN x stripe is adopted for further optimization of the TM-SiHDLW so that a good field confinement is maintained for the hybrid SPP mode. Next, we examined the effect of metal height (t), and the results are illustrated in Figure 3(a) . The dependence of PR in different materials is shown in Figures 3(b)-(d) . From Figure 3(a) , L prop increases with t since the corresponding power, and hence the loss, in Ag film drops as shown in Figure 3(b) . The variation of n eff is less than 0.9% as t increases from 50 nm to 500 nm, also consistent with the results that PR Si , PR SiNx Stripe , and PR SiNx Cladding Layer only vary slightly (< 3%) in Figures 3(b) and (c). In addition, the mode areas, A m , are kept in the range of 0.022 µm 2 -0.029 µm 2 . Also note that L prop only increases slightly for t > 200 nm (less than 7% as t increases from 200 nm to 500 nm), consistent with the results that PR Ag also changes little, as depicted in Figure 3(b) . To explain the trend of L prop against t, we show the profiles of E field strength for t = 50 nm, 200 nm and 500 nm, respectively, in Figures 3(d)-(f) . For the case of t = 50 nm in Figure 3(d) , the distribution of E field strength wraps around both bottom and top corners of the edges of the Ag film, in contrast to the other two cases. This can be attributed to that for thin Ag film, the EM energy spreads over the top corners of the Ag film. It is well known that field strengths are enhanced near sharp corners, and thus, as a result, a higher power loss for SPPWG. This is also consistent with the higher PR Ag for t = 50 nm case as illustrated in Figure 3(b) . On the other hand, also shown in Figures 3(d) -(f), as t increases, the E field strength penetrates more into Si instead of covering the top of Ag film. This is also consistent with the results in Figure 3 In this study, an optical resonator based on the proposed TM-SiHDLW has also been analyzed. There were two typical structures, i.e., ring resonator [27] [28] [29] [30] and disk resonator [30] [31] [32] , often adopted in the works reported previously. For the disk resonator, an unloaded quality factor (Q) of 920, operated at TM plasmonic mode and a high order azimuthal mode m = 7, has been investigated at a resonator radius of 850 nm [30] . At slightly larger ring radius of 1000 nm, a Q up to ∼1000 has also been achieved [27] . For the disk resonator based on the designed TM-SiHDLW, as shown in Figure 5 (a), we operated at the TE mode, often chosen for microwave dielectric resonators [33] , and the characteristics of the TE 011 mode disk resonator were also analyzed numerically using COMSOL Multiphysics. By employing the symmetry property of the TE 011 mode, only a quarter section of the resonator was considered in the model, with boundary condition -perfect electrical wall, PEC, at the bisected cross section surfaces. The radius of the resonator was adjusted so that TE 011 mode resonance occurs at a frequency corresponding to the telecommunication wavelength, 1550 nm. For the disk resonator shown in Figure 5(a) , based on the optimized waveguide design, i.e., l = 300 nm, h = 150 nm, t = 200 nm, and d = 10 nm, simulation analysis shows that for a disk radius (R) of 464 nm, the quality factor is about 22, typical for disk resonator as a result of high radiation loss due to their compact size. Figure 5(b) illustrates the top and cross sectional views of the E field strength distribution at resonance. Note that from the inset of Figure 5(b) , the main radiation appears leaking through the lateral and bottom surface of the resonator.
To improve the quality factor, one needs to significantly reduce the radiation loss. An intuitive approach was to enclose the resonator by a conducting envelope [34] . A metal (Ag) ring enclosing the disk and a bottom metal (Ag) plate beneath the disk were employed as depicted in Figure 6(a) , where g and b denote the gap between the metal and the disk, and the distance between the Ag plate and the Si disk, respectively, a being the height of the Ag ring. The height (a) of the Ag ring first keeps to be 650 nm, equal to the height of the disk resonator shown in Figure 5(a) , and the thickness of the ring is 50 nm, larger than twice the skin depth of Ag at wavelength of 1550 nm. The thickness of the plate is also 50 nm with the radius of (R + g + 50 nm), equal to the peripheral radius of the Ag ring. With the optimized g and b of 85 and 75 nm, respectively, as the resonator wavelength is kept at 1550 nm, R increases with g and b to 497 nm, and a maximum Q of ∼1900 occurs, similar to the performance of resonator based on the rounded top metal Si hybrid dielectric-loaded plasmonic waveguide (RTM- SiHDLW) proposed in our previous study [34] . Therefore, the resonator with g and b of 85 and 75 nm, respectively, was then used as the basic structure of TM-SiHDLW-based resonator. Then, we examined the effect of the Ag ring height (a) on Q, Q abs , Q rad , and R, as shown in Figure 6 (b), where the disk radius R was certainly adjusted so that the resonance occurred at the 1550 nm wavelength. The Q could be obtained by 1/Q = 1/Q abs + 1/Q rad where Q abs is related to the absorption loss and Q rad is related to the radiation loss. Figure 6 (c) depicted the corresponding radiation loss and absorption loss. Figure 6(d) shows the top and cross sectional views of distribution of the E field strength at resonance. From the results in Figure 6 (b), as a reduces from 650 nm to 500 nm (drop of 23%), the Q varies little (variation of ∼1.0%) since the magnitude of radiation loss and absorption loss almost do not change with a as shown in Figure 6 (c). From Figure 6 (d), one could also confirm that the E field strength confines well inside the metal envelope, and so does the corresponding radiation loss. According to these results, a 500 nm-high Ag ring was adopted for our design of TM-SiHDLW-based optical disk resonator, yielding a Q ∼ 1900 at a resonator area (= π · (R + g + 50 nm) 2 ) ≈ 1.25 µm 2 . As a result, compared with other plasmonic resonators in the previous studies [27] [28] [29] [30] [31] [32] , a quality factor of the proposed TM-SiHDLW-based resonator is almost twice the results of other resonators as keeping a comparable footprint. Therefore, the designed TM-SiHDLW is demonstrated to have an attractive potential as the basic structure for high performance optical disk resonator.
CONCLUSIONS
In this work, we have designed and characterized a top metal Si hybrid dielectric-loaded plasmonic waveguide (TM-SiHDLW), yielding both a long propagation length of 0.35 mm and a small mode area of 0.029 µm 2 at telecommunication wavelength. The propagation length was more than doubled by increasing the height of the top metal stripe from 50 nm to 200 nm to reduce the power loss in metal caused by enhancement effect of E fields near conductor sharp corners. To protect the SPPWG while avoiding significant reduction of its propagation length, a thin SiN x cladding layer has been added and the effect of its thickness has also been analyzed. For a SiN x cladding layer thickness of 10 nm, the propagation length was found to drop slightly (< 7%) while mode area only increases from 0.026 µm 2 to 0.029 µm 2 . The TM-SiHDLW with optimized dimensions was also used in the design of an optical disk resonator, operating at fundamental TE 011 mode. From the simulation results, the radiation loss was reduced by employing a metal envelope, containing a ring and bottom plate. A quality factor of ∼1900 with a relatively small size of 1.25 µm 2 has been achieved by employing a metal ring with ∼3/4 height of the resonator. The performance of the TM-SiHDLW-based resonator is essentially comparable to that based on RTM-SiHDLW, reported in our previous work [34] , which shows a longer propagation length than the proposed TM-SiHDLW. The cause is clearly that for the two resonators, the major loss mechanism comes from the radiation loss while only little contribution from the absorption of the waveguide structure itself to the final quality factor of the resonators. It might be worthy to explore fabricating the Si waveguide using hydrogenated amorphous Si (i.e., α-Si:H) deposited by plasma enhanced chemical vapor deposition process(PECVD) [35, 36] to increase the flexibility of the fabrication process of the TM-SiHDLW, as compared with the SOI wafer based process employed in previous works [7, 19, 20] .
